Background. The mechanisms underlying repetitive activity during reperfusion of ischemic myocardium are thought to include triggered responses elicited at short pacing cycle lengths. The potential to generate repetitive responses at longer pacing cycle lengths under similar conditions, however, has not been explored. Thus, the present study examined the role of cycle length on the cellular electrical changes produced during recovery from ischemic-like conditions and identified the major component precipitating nondriven, repetitive activity.
Methods and Results. Transmembrane potentials were recorded in vitro from isolated rabbit Purkinje fibers exposed to hypoxia (defined as Po2<30 mm Hg, high [K'],, and zero glucose) plus lactic acidosis (pH 6.7) for 45 minutes and during recovery in normal Tyrode's solution (pH 7.4). Compared with control, action potential duration (90% repolarization) during recovery increased transiently by 40.9±+11.8 and 241.0±51.1 msec at respective basic cycle lengths of 1,000 and 3,000 msec (both p<0.005). In 81% of preparations, action potential prolongation was accompanied by early afterdepolarizations and triggered activity generated from low (positive to -40 mV) or high (negative to -40 mV) membrane potentials. In 62% of experiments, brief periods of abnormal automaticity also occurred. Triggered responses were 1) unaffected by 1 ,M ryanodine, 2) abolished by pacing at short basic cycle lengths or by exposing tissues to 2.5 ,g/ml lidocaine, and 3) more easily induced at long basic cycle lengths or by superfusing 2.5 ,ag/ml quinidine. When tissues were conditioned with hypoxia alone (pH 7.4), action potential prolongation on recovery was comparatively small, and nondriven responses did not develop. Conversely, addition of 10-20 ,uM amiloride to the hypoxic, acidic test solution augmented recovery-induced action potential prolongation. Conclusions. We conclude that acidosis, as a component of ischemia, plus slow pacing frequencies may mediate the genesis of early afterdepolarizations and triggered activity in Purkinje fibers on recovery, long after extracellular pH has been restored to normal. These data may have clinical relevance to the mechanisms of reperfusion arrhythmias in the intact human heart. (Circulation 1991;83:1352-1360) M yocardial ischemia and hypoxia elicit com- plex changes in the electrophysiological properties of cardiac cells that are thought to underlie the genesis of tachyarrhythmias in the intact heart. These include reduction of membrane potential,1,2 changes in active and passive electrical properties,3,4 and perturbations in cation homeosta-sis.5 6The causes of these alterations are thought to be mediated by several interrelated metabolic factors such as substrate depletion78 (e.g., 02, glucose, and fatty acids), accumulation of inorganic phosphate8 and phospholipid metabolites,9 hyperkalemia,10 and acidosis."1 Individually, each of these components has been shown to profoundly alter membrane electrical properties in specific ways, and in combination, they have been shown to mimic many of the electrical derangements elicited during ischemia in the intact heart.2
After prolonged periods of ischemia or hypoxia, the return to control conditions may not immediately restore cardiac cells to their normal functional state but may instead exacerbate the cellular dysfunction initiated by the antecedent event. Indeed, aberrant electrical activity not evident during ischemia or The experimental protocol consisted of superfusing one of several test solutions for 45 minutes followed by return to control Tyrode's solution. In a first group of experiments (n=16), tissues were exposed to a combination of low Po2, hyperkalemia, zero glucose, and lactic acidosis (see Table 1 ). Low 02 tension was created by equilibrating solutions with 95% N2-5% C02, which yielded a tissue bath Po2 of less than 30 mm Hg (27.6+0.3 mm Hg, n=7). Note that for purposes of clarity, the combination of low Po2, hyperkalemia, and zero glucose will be referred to in this report simply as "hypoxia." In other experiments (n=6), tissues were exposed to the above hypoxic solution without lactate and with pH kept at 7. 4 The following parameters were measured from recorded transmembrane potentials at each BCL examined: maximum diastolic potential, action potential amplitude (APA), action potential duration (APD) at 50% and 90% repolarization (APD50 and APD90, respectively), and maximum rate of rise of the action potential upstroke (Vmax), which was measured from the output signal of an electronic differentiator (model DDT-A, World Precision Instruments). In those preparations in which early afterdepolarizations (EADs) occurred during recovery, APD mea- Exposure of tissues to hypoxia plus acidosis significantly shortened APD compared with control and markedly attenuated its normal BCL dependence ( Table 2 ). These changes were maintained throughout the 45-minute conditioning period, whereas during recovery, APD not only returned toward but increased above control values, reaching a peak value between 10 and 20 minutes of recovery and slowly returning to control. This is illustrated in the experiment of Figure 1 , which plots the time course of change in APD90 at each BCL during exposure to hypoxia plus acidosis and on recovery. Note that the recovery-induced "overshoot" in APD was greatest at a BCL of 3,000 msec and that the subsequent return to control was slow. The latter characteristic was analyzed in six experiments in which APD90 recovered by 50% of its peak value (tl,2) in 43.3+±6.6 and 45.1+5.7 minutes at respective BCLs of 1,000 and 3,000 msec. Moreover, the rate of return of APD to control during recovery was in marked contrast to the normalization of Po2 and pH,. which occurred within 3 minutes (n=5).
Recovery-induced APD prolongation was often accompanied by the development of EADs as shown repolarization (APD9') during hypoxia plus lactic acidosis and on recovery. Data are shown for basic cycle lengths (BCLs) of 500, 1,000, and 3,000 msec. 15 Figure 3B , short bursts of repetitive activity followed the initial triggered response. (This panel also defines in graphic form the parameters summarized in Table 3 .) In eight tissues, triggered responses developed from high membrane potential EADs ( Figure  3C ), and in five of these, repetitive responses occurred with a slightly longer spontaneous cycle length ( Figure 3D ). This is indicated in Table 3 , which summarizes the electrophysiological characteristics of recovery-induced triggered activity in all experiments. Also of note, in six experiments, triggered activity from both types of EADs occurred in the same preparation.
The response of isolated fibers to hypoxia plus acidosis, in addition to APD shortening, included a significant depression of maximum diastolic potential, VmX, and APA (Table 2 ). During recovery, these parameters returned to control within 5-10 minutes and remained stable in six experiments. However, in 10 tissues (62.5%), the return of maximum diastolic potential toward control at the onset of recovery was interrupted by a secondary decrease to -65.1+4.4 mV. This spontaneous fall in membrane potential began within the first 3 minutes of recovery, but by 10 minutes (9.5-+±2.7 minutes), maximum diastolic potential returned to control and remained stable thereafter. As in previous studies,12 the secondary decrease in maximum diastolic potential in our model induced abnormal automaticity in each case ( Figure 4 ) with a mean spontaneous cycle length of 699.6±138.4 msec (n=10). The designation of this activity as automatic was based on the fact that neither EADs nor delayed afterdepolarizations (DADs) were observed at this time of recovery.
Effects of Pharmacological Agents
Triggered responses initiated from either type of EAD were unaffected by exposure to 1 gM ryanodine (n=3, Figure 5 ), suggesting that oscillatory changes in intracellular Ca2+ were probably not involved in their genesis. However, 2.5 ,ug/ml lidocaine (n=4) completely abolished triggered responses. This is illustrated in Figure 6 , which shows results from two different experiments. Note that triggered responses initiated from high (panel A1) and low (panel B1) membrane potentials were inhibited by lidocaineinduced shortening of APD (panels A2 and B2) and that these effects were reversible (panels A3 and B3).
Results similar to those shown in Figure 6 were also (n =4), or by superfusing 2.5 ,g/ml quinidine (n =4). Examples of the effects of quinidine are given in Figure 7 taken from the same experiments shown in Figure 6 . Note that triggered responses from high (panel A1) and low (panel B1) membrane potentials were more sustained in the presence of quinidine (panels A2 and B2, respectively) and that this effect was reversible (panels A3 and B3).
Effects ofAcidosis
To examine the major component mediating delayed repolarization and repetitive activity on recovery, two additional series of experiments were conducted to assess the role of acidosis established during the conditioning period. In one series (n=6), tissues were exposed to hypoxic Tyrode's solution without lactate and with pH at 7.4 ( Figure 3B for definition of parameters. *p<0.001, tp<0.005 compared with data at low MP EAD. Tyrode's solution (pH 6.75) that was otherwise identical to the control solution. In three of these experiments, APD also increased above control when normal Tyrode's solution (pH 7.4) was readministered, whereas in one preparation, no change occurred. Figure 9 summarizes the results of all four experiments and compares them with the recoveryinduced changes elicited after hypoxia plus acidosis, Same cell 15 minutes after 1 MM ryanodine was added to the superfusate. Figure 8 . Although APD prolongation on recovery from hypoxia plus acidosis at a BCL of 3,000 msec was greater than that for acidosis alone, this difference was not significant. Also of note, in three of the latter experiments, EADs not only occurred during exposure to acidosis but also for extended periods after returning to control Tyrode's solution.
Discussion EADs and Triggered Activity
The electrophysiological responses most often reported in Purkinje tissue recovering from hypoxia plus acidosis are a secondary reduction in membrane potential12,20 with abnormal automaticity and DADs. 12 The present results agree in part with these studies, but in our experiments, EADs and not DADs were elicited. Moreover, triggered activity that did develop was not inhibited by ryanodine (Figure 5) 1) an increase in inward, depolarizing current, 2) a reduction or delay in outward, repolarizing current, or 3) both. The same hypotheses may also pertain to EADs and triggered activity induced on recovery from hypoxia plus acidosis (Figures 2 and 3) . Thus, the inhibitory effects of lidocaine26 ( Figure 6 ) and tetrodotoxin were probably due to blockade of inward plateau currents such as the steady-state "window"27 or slowly inactivating sodium28,29 currents. Conversely, the enhancement of EADs by quinidine (Figure 7 BCL (msec) FIGURE 8. Plot of maximum action potential duration prolongation during recovery. Both panels represent the maximum changefrom control during recovery from hypoxia alone (n=6), hypoxia plus acidosis (n=11), and combined hypoxia, acidosis, and [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 
Relation to Arrhythmogenesis in the Intact Heart
The implications of the present study to arrhythmogenesis in the intact heart are likely related to ischemia and reperfusion, although simulation of ischemia by combining hypoxia, hyperkalemia, lactic acidosis, and zero substrate has several limitations. For example, because of the maintained superfusion of isolated tissues under ischemic-like conditions, potential arrhythmogenic metabolites that normally accumulate in the extracellular space of ischemic myocardium (e.g., CO234 and amphipathic compounds9) are probably washed out. Second, the Po2 of our hypoxic Tyrode's solution (<30 mm Hg), although considerably less than that measured in control Tyrode's (=600 mm Hg), was nevertheless greater than that measured in ischemic myocardium. 34 Thus, the degree of oxygen deprivation imposed in our model was probably less than would be expected during actual coronary occlusion. Third, catecholamines, which are released from ischemic myocardium35 and which may participate in arrhythmogenesis during ischemia and reperfusion, were not included in any of our solutions.
Nevertheless, based on our findings, at least two arrhythmogenic conditions may be postulated to occur during reperfusion of ischemic myocardium. First, assuming APD prolongation on recovery from hypoxia plus acidosis elicits concurrent changes in refractoriness,36 reperfusion may increase dispersion of refractoriness in the intact heart37 and the likelihood of conduction block and reentry. Experimental studies have implicated reentry as one cause of reperfusion arrhythmias,38 but refractory period measurements in reperfused myocardium have been inconsistent,39,40 and it is unclear what effects bradycardia may have on the genesis of reentrant arrhythmias. Second, reperfusion may favor abnormal impulse formation in the form of triggered activity or abnormal automaticity, the latter of which would not require bradycardia. Again, in situ studies suggest that nonreentrant mechanisms may underlie reperfusion arrhythmias,38 but the relation between EADs and arrhythmias in the setting of reperfusion has not been investigated.
